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INTRODUCTION 
The emergence of tunable diode lasers from the communications industry creates a 
need in diagnostic heterodyne sensors for flexible FM demodulation techniques. By using 
tunable lasers, it becomes efficient to generate Heterodyne Beat Frequencies (HBF) that can 
be tuned to over 10 GHz with frequency stabilities to within 100 kHz. These diode lasers are 
small in size, rugged, reliable, and relatively cheap. These characteristics make diode lasers 
the ideal light sources for sensors to be integrated into industrial processes, smart structures, 
and on-line quality control or NDE. 
Since the diode lasers can easily and efficiently change the HBF, the heterodyne 
sensor can become a practical multi-use sensor. A high frequency ultrasonic sensor can be 
converted to a low frequency vibration sensor by tailoring the HBF of the heterodyne 
interferometer to an appropriate frequency for the desired surface motion. To make this 
transition possible the FM demodulation techniques must also be just as flexible. One 
approach, that addresses this demodulation flexibility issue, is to digitize the modulated carrier 
which contains the surface motion information. The modulated carrier has a center frequency 
at the HBF. The carrier is then digitally demodulated in the computer. This paper discusses 
and demonstrates Digital Phase Demodulation (DPD) techniques for obtaining displacement 
information from an optical heterodyne interferometer. 
REVIEW OF HETERODYNE SIGNAL PROCESSING 
Figure 1 shows the schematic of the optical heterodyne interferometer used in this 
research. A heterodyne interferometer consists of two slightly different frequencies of light 
which are mixed onto a photodiode. The photodiode detects the beat frequency produced by 
the frequency difference between the two frequencies of light. This is the HBF or carrier 
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Figure 1. The heterodyne interferometer used to test the DPD system. 
frequency. Encoding the surface displacement information into the carrier frequency is 
accomplished in the following manner. The light output from a HeINe Laser (A = 632 
nm) enters the Bragg cell. The Bragg cell splits the beam into two, an undiffracted 
beam and a diffracted beam. The undiffracted beam is used as the reference. The 
diffracted beam is frequency shifted by the exact frequency of the applied voltage to the 
Bragg cell [1]. The path that the frequency shifted beam follows is the test arm of the 
interferometer. 
The path length of the test arm is modulated by attaching a piezoelectric pusher 
(PZT) to a mirror. This resulting mirror motion frequency/phase modulates (FM) the 
already frequency shifted light. The reference beam and the test beam are recombined 
at a partial mirror and directed onto a photodiode. The resulting light intensity 
fluctuations, due to the interference of the two beams, are detected by the photo detector 
and converted to a voltage signal. This output voltage is marked in Figure 1 as the 
modulated carrier output. The modulated carrier output signal consists of a carrier 
frequency centered at the HBF and its modulation by the motion of the PZT. 
Since the light intensity of the interferometric fringe is already changing with 
time, the sensitivity and calibration of the sensor are not related to the test surface 
location, reflectivity, or alignment. The direction of the objects motion is determined 
from the Doppler and phase shifting of the light in the test arm of the interferometer. 
The Doppler and phase shifts are reflected in the frequency and phase modulations of 
the carrier. Frequency variations in the modulated carrier are related to surface velocity 
and phase changes in the modulated carrier are related to surface displacements. Thus 
the user has the option of demodulating the modulated carrier for velocity or 
displacement information. 
Displacement measurements are more convenient to quantify energy and 
attenuation parameters of a propagating acoustic wave front. It is therefore desirable to 
monitor the phase variations in the modulated carrier and obtain displacement 
information directly. Typical ultrasonic displacements are on the order of nanometers, 
but the ambient motion of the test surface and/or sensor may be in the displacement 
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range of !lm to mm. Analog filters can be used to filter out the low frequency high 
amplitude vibrations so that they will not interfere with the measurement of the 
ultrasonic signal. The low frequency vibrations may however, contain useful 
information. To measure vibrations, a separate vibrometer or different demodulation 
electronics are required. Analog phase measurements also require accessing the 
reference HBF to provide displacement information. When the carrier is generated 
optically in tuneable lasers, there is no reference HBF without the addition of a 
feedback loop to phase lock the carrier to an external reference. Digital demodulation 
methods can effectively address these considerations. 
DIGITAL PHASE DEMODULA nON 
DPD obtains the displacement information from digitizing the modulated carrier 
output provided by the sensor. The displacements are calibrated with respect to the 
wavelength of light used in the heterodyne interferometer and remains linear for large 
displacements. No assumptions are made about the frequency content or amplitude of 
the surface displacements. Large displacements (» A) can be linearly detected by 
unwrapping phase changes which are greater than 2n in the modulated carrier. The 
HBF must only be high enough to prevent loss of information in the side bands of the 
modulated carrier. This implies that the object's motion is quasi static with respect to 
the HBF. There should not be significant surface motion within one time period of the 
HBF. The general rule of thumb in FM telemetry is that the HBF should be at least ten 
times the highest frequency component in the modulating surface displacement. DPD 
techniques are flexible and can be optimized for ultrasonic or vibrational measurements. 
Phase tracking for large displacements can be implemented without affecting the 
resolution of the displacement measurement. The single shot displacement resolution is 
close to 5 nm because the digitized data can be filtered and interpolated. 
The DPD technique consist of two different processes which involve phase 
demodulation and data manipulation. There are two phase demodulation algorithms that 
are presently used: Digital Zero Crossing (DZC) and Digital Phase Quadrature (DPQ). 
The two demodulation techniques are based on two fundamentally different concepts 
which, if operating correctly, should produce equivalent displacement versus time data. 
The two demodulation algorithms are used in parallel to give an indication of the 
validity of the quasi steady state assumption. If the displacement time histories from 
the DZC and DPQ algorithms do not agree, then the quasi steady state assumption used 
in their derivation is not valid and the DPD methods cannot be used for surface 
velocities in that range. The data manipulation consists of smoothing, interpolating, self 
referencing, and Digital Mixing (DM). Smoothing and interpolating the digitized data is 
performed to increase the phase resolution obtained from the DPD algorithms. By self 
referencing the digitized modulated carrier, a reference HBF can be generated by the 
computer to be used as the phase reference. Thus by self referencing the modulated 
carrier, the HBF does not have to be known nor does it have to be stable. The DM 
provides the flexibility in customizing a high HBF to an appropriate lower HBF for low 
frequency surface motion. This reduces unnecessary data record lengths by preventing 
oversampling of the low frequency transient motion. This also increases the sampling 
window for a fixed record length. The integration of the phase demodulation with the 
data manipulation provides a flexible DPD technique that can be adapted in software to 
meet the requirements of a multi-use sensor. 
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DIGITAL DEMODULA nON ALGORITHMS 
The basic principles of DZC are demonstrated in Figure 2. Relative phase and 
displacement measurements can be obtained from timing differences between the zero 
crossings of the reference carrier cycle and a corresponding modulated carrier cycle. 
Since both signals will be digitized, the maximum phase resolution of the DZC 
algorithm, without interpolating between points, depends on the carrier frequency and 
the digitization sample rate. More sample points per digitized carrier frequency cycle, 
leads to more precise timing and amplitude information, which in turn, improves the 
precision with which relative phases can be determined. 
While the theory of Digital Zero Crossing is straight forward and easy to 
implement, this demodulation method is inefficient with respect to the acquired data. 
Only two data points, one on either side of the zero crossing, per cycle are actually used 
in this demodulation scheme. DPQ is a less data intensive method that can be used to 
digitally demodulate the FM carrier [2,3], The DPQ demodulation algorithm only 
requires the sampling of a pair of data points per carrier frequency cycle as shown in 
Figure 3. Pairs of data points from the modulated carrier are sampled in quadrature (i.e. 
sampled one-fourth of a carrier frequency cycle apart). These data point pairs are 
sufficient to determine the phase of the modulated carrier during the corresponding 
reference frequency cycle. The sampling can be accomplished in hardware if the 
digitizing system has an external clock input by phase locking the quadrature clock 
inputs to the reference carrier. If the digitizing system does not have an external clock 
input, the quadrature points can be obtained by using the digitized (carrier and 
modulated carrier) data from the zero crossing demodulation scheme. Again to obtain 
better accuracy than digitized data will allow, the digitized data can be interpolated to 
find the quadrature points more precisely. 
A high digital sample rate (""GHz) is necessary when monitoring high frequency 
( > 10 MHz) ultrasonics, but will be prohibitive for low frequency vibrations unless the 
digital storage scope has unlimited memory. To bring the digital sample rate down to a 
reasonable value, the HBF must be lowered. This will also maintain adequate phase 
resolution. In heterodyne systems which use acousto-optic frequency shifters to obtain 
the HBF, changing the HBF will deflect the frequency shifted beam. The diffraction 
efficiency also drops rapidly for HBF below 40 MHz making this impractical. 
To reduce the digital sample rate without changing the HBF, a technique similar 
to that used in microwave transition analyzers [4] can be used to translate the HBF to a 
lower frequency. Digital mixing (i.e. aliasing) can be used to translate the high HBF to 
a lower HBF and it is analogous to microwave mixing or heterodyning. The Nyquist 
criterion states that single-shot events can be captured by sampling the input signal at a 
rate greater than twice the input bandwidth. Satisfying the Nyquist criterion does not 
imply that the sampling rate must be greater than twice the input signal's highest 
frequency, if this highest or "carrier" frequency is known apriori. If the bandwidth of 
the AtoD converter is sufficient, narrow band information on a high HBF can be 
captured by low frequency sampling. The sample rate must only meet the Nyquist 
criterion for the input modulation of the carrier. 
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Figure 3. Phase and displacement 
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respect to the reference carrier. 
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RESULTS 
Figure 4 shows the frequency content of the modulated low frequency carrier for 
a square wave excitation of the piezoelectric pusher. The graph shown here, as well as 
through out the rest of the paper, is a true single shot data acquisition event. Digital 
filtering has been applied to the reference carrier and to the modulated carrier, but the 
measured displacements are presented unfiltered. The high HBF was near 110 MHz 
and was digitally mixed by sampling at 10 MSamples/s. This produced a low HBF near 
130 kHz. The frequency values are not exact because the Bragg cell oscillator used in 
this experiment was not stable and drifted as much as 10kHz in 5 seconds. The 
relative magnitude of the sidebands compared to the carrier, shown in Figure 4, indicate 
that the mirror motion can be considered to be large and complex for demodulation 
purposes. There are significant sidebands on either side of the carrier. 
From Figure 4 it is obvious that the reference carrier correlates with the zero 
order modulated carrier at the HBF. This implies that the modulated carrier signal 
contains its own reference signal. The maximum frequency component of the zero 
order harmonic will adequately approximate the carrier frequency. This is the principal 
of self referencing the modulated carrier. 
Figure 5 is a plot of the demodulated displacements using the DZC, DPQ, and 
self referencing schemes. The different demodulation schemes produce similar results. 
The slight differences in the measured signals indicate that the surface movement during 
a carrier frequency cycle is starting to become significant. The graph shows that the 
piezoelectric pusher produced approximately three light wavelengths of distorted motion 
at a frequency near 2 kHz. The 19 V (peak to peak) applied to the PZT was a 2 kHz 
square wave but the mechanical bandwidth of the PZT is close to 5 kHz. There is a 
mechanical resonance near 5 kHz in the PZT with displacement amplitudes being 
sharply attenuated at frequencies above 5 kHz. It is thus not surprising that the 
demodulated signal is distorted. The manufacturers calibrated bandwidth for the 
transducer is only 450 Hz. With this in mind, the PZT should have produced a 
displacement of 1.4 ~m according to the manufacturers calibration. 
Figure 6 shows the frequency content of the digitally mixed modulated carrier 
for sinusoidal excitation at 10 kHz. The high HBF is near 110 MHz and it was 
digitized at 10 MSamples/s to produce the digitally mixed HBF near 102 kHz. Only the 
first order sidebands are significant. Figure 7 contains the demodulated displacements 
using the DZC, DPQ and self referencing schemes. For the applied voltage of 13.8 V 
(peak to peak), the PZT should have produced a measured displacement of 1 ~m. From 
Figure 7, the peak to peak displacement is measured to be 50 nm which is consistent 
with the experimental characteristics of the PZT. The self referencing data appears to 
be riding on a low frequency signal which is not present in the referenced data. This 
low frequency noise signal is probably due to frequency drift in the Bragg cell 
oscillator. 
The modulated signal in Figure 8 is from a 6.9 V (peak to peak) signal across 
the PZT at 10 kHz. The modulation sidebands are seen to be just above the noise floor 
in Figure 8 giving the modulation sidebands a signal to noise ratio close to one. Figure 
9 compares the displacements obtained by using interpolated DZC and DPQ schemes 
with uninterpolated DZC from the modulated signal in Figure 8. Figure 9 shows that 
the displacement resolution of the sensor system is significantly enhanced to at least 5 
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nm by interpolating between zero crossings. There is a considerable improvement in 
the signal to noise ratio in the interpolated displacements as compared to the modulated 
signal shown in Figure 8 due to the gain of information from the cubic spline. This 
gain in information is made possible since the modulated carrier is known to be a 
smooth continuous function. 
CONCLUSIONS 
This paper describes the principles in which digital demodulation methods are 
based. The Digital Zero Crossings, Digital Phase Quadrature, and self referencing, 
schemes described in this paper phase demodulates an FM carrier signal from a 
heterodyne interferometer to provide displacement information. The sensor system has 
been shown to handle displacements greater than three wavelengths of light (2 ~lm), to 
have a resolution better than 5 nm, to have a constant displacement sensitivity without 
regard to the specimen location, and to be completely linear. These characteristics of 
digital demodulation will make heterodyne interferometry a versatile displacement 
monitoring technique without complicated FM demodulation electronics. When digital 
demodulation is applied to ultrasonic measurements in the future, a single instrument 
will be able to monitor low amplitude, high frequency ultrasound and to track high 
amplitude, low frequency vibrations. This will enable tuneable diode lasers to become 
multi-use sensors for on-line quality control and NDE. 
ACKNOWLEDGEMENTS 
This research was made possible, in part, by the grant MSS9114533 from the 
National Science Foundation. We would also like to express our sincere thanks to 
Hewlett-Packard for donating their time, equipment, and expertise. Without their 
support we would not have been able to perform this research. 
REFERENCES 
1. Moller, K. D., Optics, University Science Books, Mill Valley, CA, 1988 
2. Smith, J. A., Johnson, J. A., "Digital Quadrature Phase Detection," United States 
Patent #5,117,440, May 1992. 
3. Smith, J. A., Johnson, J. A., Carlson, N. M., Barna, B. A., "Fiber Optic Sensing 
for NDE and Process Control," Society for Experimental Mechanics 1989 Spring 
Conference on Experimental Mechanics, Cambridge, MA. May 1989. 
4. Ballo, D., Wendler J., "The Microwave Transition Analyzer: A New Instrument 
Architecture for Component and Signal Analysis," Hewlett-Packard Journal, 
43(5), 48, October 1992. 
2368 
